Abstract: Different numerical computation methods used to develop a methodology for fast, efficient, reliable design and comparison of Diffuser-Augmented Wind Turbine (DAWT) geometries are presented. The demand for such methods is evident, following the multitude of geometrical parameters that influence the flow character through ducted turbines. The results of the Actuator Disk Model (ADM) simulations will be confronted with a simulation method of higher order of accuracy, i.e. the 3D Fullyresolved Rotor Model (FRM) in the rotor design point. Both will be checked for consistency with the experimental results measured in the wind tunnel at the Institute of Turbomachinery (IMP), Lodz University of Technology (TUL). An attempt to find an efficient method (with a compromise between accuracy and design time) for the flow analysis pertinent to the DAWT is a novel approach presented in this paper.
Introduction
An increasing demand for green energy resources imposes a need to optimize the wind energy harvesting technology, as the one that developed most quickly in 2015; in this period it accounted for 15.6% of total power capacity installed in EU (as communicated by EWEA, [1] ). At the same time the Betz limit curbs the theoretical maximal wind turbine efficiency to about 60%; factors such as flow distur-*Corresponding Author: Lipian Michał: Institute of Turbomachinery, Lodz University of Technology; Email: michal.lipian@p.lodz.pl Karczewski Maciej, Molinski Jakub, Jozwik Krzysztof: Institute of Turbomachinery, Lodz University of Technology bances due to complex aerodynamics and energy conversion losses decrease it even more. Since the power outcome of a wind turbine rotor is proportional to the wind velocity cubed, the obvious way to increase it is to raise the flow velocity through the turbine working section. Such solutions are proposed in the so-called Diffuser-Augmented Wind Turbine (DAWT), a device that permits twice as high the power as in the bare wind turbine [2, 3] . This study presents an attempt to develop a reliable numerical model for prediction of the DAWT performance. A validated CFD model, in turn, is necessary to supplement simpler blade design methods based on the Blade Element Momentum theory. It also may explain the flow phenomena stemming from experimental measurements that are usually limited to precisely defined control surfaces or be able to collect certain flow variables only. The study concentrates on integrating the two rotor simulation approaches (sliding mesh and actuator force) into a commercial solver ANSYS CFX 15.0, and their comparison from a numerical point of view at the design work point parameters.
State of the art
Two main wind turbine rotor simulation techniques exist, as formulated by [4] . These include the direct approach, wherein the blade geometry is introduced into the calculations, and flow around the rotor is entirely computed by the solver; and the actuator approach, where the flow equations are modified by source terms, that are estimated on the basis of the actual blade geometry. The computational effort of the latter model is reduced thanks to a coarser mesh applicable and no need to resolve the blade boundary layer. In turn, the model relies on the external aerofoil characteristics, which can be obtained experimentally or numerically, and may impose additional errors [5] .
Although the direct approach may be considered of greater fidelity, [6] reported in their résumé of "Blind Test 1" exercise that the superiority of this approach over actuator models for simulation of a single Horizontal-Axis Wind Turbine (HAWT) rotor is not always obvious. [7] compared both models for shear and yawed flows, stating that the actuator and direct approach show a good correlation in the near-wake (up to about 2 rotor diameter). However, further downstream the actuator model computes slower gradient smearing, while overestimating the turbulence dissipation rate. In the exhaustive study by [4] , where overset grids were used in the direct approach, authors also compare RANS and LES turbulence solution methods. They conclude that the differences in the far wake between the direct and actuator modeling are relatively small and the latter is a first choice for optimization process due to a reduced computational effort.
In what concerns the DAWT simulations, [8] used the direct approach for diffuser-rotor geometry optimization. [9] showed that a simple 2D actuator model with no tip or root corrections may show an acceptable results quality when compared with experiment, especially for wind turbine rotation velocities for which no separation phenomena is expected.
Objects of investigation

Experimental test rig
A TUL-designed three-bladed DAWT rotor is the object under consideration in the present study. The geometry of blades is based on the SG airfoil family. A 1:6 scale model is analysed to limit the blockage coefficient in the wind tunnel test section. A view of the rotor-diffuser assembly is presented in Fig. 1 .
For power measurements, the scaled rotor model was mounted on a shaft attached to a torque meter and a mechanical brake and is investigated inside a semi-open wind tunnel test section. A photoelectric sensor (an impulse counter system) provides rotational velocity measurements. These two quantities enable determination of the power harvested by the wind turbine, averaged over time for a constant inflow velocity. The latter is measured with a standard Prandtl pressure probe. More information on the experimental and the test section is to be found in [10, 11] .
The wind turbine is placed at the inlet of a diffuser-hub stator ( Fig. 1 ). Measurements were made at the nominal wind speed of 12 m/s and the tip-speed ratio (TSR) λ = 4.5. The parameters were chosen so as to preserve the similarity conditions of the flow through the full-scale DAWT and its model, based on the Reynolds and Strouhal numbers as the similarity criterions, as well as to ensure a reasonable blockage coefficient (30% in this case). 
Fully-resolved Rotor Model (FRM)
In the FRM, a 3D accurate geometry of the wind turbine rotor is modelled. As a result, a high accuracy numerical model, characterized by high computational costs, is obtained. The developed model mimics the laboratory of lowspeed experimental fluid dynamics at IMP. It comprises of a 2 × 2 × 3 m (height per width per length) cuboid. The fluid enters the domain via a circular inlet of the 0.8 m inlet diameter, the size of the outlet nozzle section of the IMP wind tunnel. At a distance of 1 m downstream of the nozzle outflow, the rotor is placed at the inlet to the stator channel. The axis of rotation of the rotor is coaxial with the symmetry axis of the stator and elevated 1 m above the laboratory floor. The mounting pillar is not modelled.
A structural hexahedral mesh was prepared with the ICEM CFD software; it follows the general rules and previous experience of the IMP (see ex. [12] ). It comprises three blades inside a disk-shaped domain (diameter D = 0.32 m), implemented into the main flow domain using a sliding mesh approach. The mesh consisted of approximately 23.5 mln nodes, out of which 10.5 mln was used to represent the rotor domain. The average y + after calculations was equal to 1.13 for the diffuser and 1.59 for the hub. The boundary and initial conditions are presented in Table 1 and Fig. 2a, 2b . The rotor domain was implemented as "frozen rotor". Its rotational velocity ω was chosen so as to ensure a design TSR with respect to the free stream velocity at the domain inlet V. Air was modelled as an ideal 
Actuator Disk Model (ADM)
The ADM theory is an example of an actuator approach to rotor modelling. It is based on the assumption that the presence of a wind turbine can be modelled by a modification to the flow equations, and hence may be introduced locally into the domain in a parameterised manner [13] . The turbine is modelled in 3D as a disk or in 2D as the disk's section (rectangle). Since the ANSYS CFX solver is unable to consider 2D flow, the planar domain being streamwise vertical section of the FRM domain, is swept by one cell (0.005 m) along the Z direction. Figure 2a , 2c shows an overview of the domain with boundary conditions. Previous attempts to use this model (ex. [14] ) imposed a local, constant pressure drop due to turbine presence and yielded satisfactory results. In this study, the ADM is modelled as a modification of the momentum equations, i.e., the volumetric (i.e., per unit volume) force Fvol, along the streamwise direction (1):
In (1) F is the force per the unit blade length at position y, with which the blade acts on the flow, and s is the streamwise length of the modelled rotor (equal to D/16). The choice of the latter parameter may affect the results significantly, and was made after a dedicated sensitivity study and following the comments included in [13] , where bare wind turbines were investigated.
Three ways of estimating the force F were considered, namely: it was taken as a result from the FRM, calculated in the Blade Element-Momentum (BEM) software (Qblade v. 0.8), and via own BEM-based formulas introduced directly into the CFD model. The two first methods require the FRM solution, either to determine the forces (the first one) or the wind velocity field immediately upstream of the rotor (the second one). Hence, the third model, which allows an independent solution requiring only such profile data as: chord, twist angle, and lift (Cl) and drag (Cd) coefficient distributions along the blade length with respect to the angle of attack α. Since the availability of reliable experimental data for considered Reynolds number range is limited, Cl and Cd were computed with the use of XFoil software (see [15] ). In each time step, the solver would calculate α on the basis of the velocity triangle, choose appropriate Cl and Cd, and estimate F on that basis. 
Discussion of the results
The numerical study covers only one work point, corresponding to the design parameters of the rotor. This comes from the fact that the research was aimed principally at integrating both models into a commercial solver code AN-SYS CFX, and comparing them from the numerical point of view (results quality, computational effort). This choice was also considered optimal, as for the design conditions no or minor separations in flow around the profile are expected, thus it is possible to rely on the external aerofoil characteristics.
The simulations are meant to predict the rotor power, hence changes in this parameter are monitored in the calculation process. In the experiment and in the FRM, it is defined as torque times rotational velocity, whereas in the ADM it is calculated as a product of the streamwise flow speed u and the pressure gradient δp/δx, averaged over the rotor volume, multiplied by the overall volume of the rotor (2):
Two inlet velocity profiles were examined for the FRM: uniform (V = 12 m/s) and non-uniform with an imitation of a boundary layer influence due to the flow at the exit from the wind tunnel (3): Figure 3 compares the results obtained from the FRM (with two definitions of inlet velocity), the experiment and the ADM (with different meshing parameters). The FRM has a tendency to overestimate the rotor performance (by about 7% in the case of non-uniform inflow). This may be due to the simplifications of the numerical model (the hub modelled as a smooth cylinder, no mounting pole modelled). To verify this theory, further simulations for different flow conditions would be necessary. Due to the numerical effort involved, they are currently pending.
The ADM simulations, on the other hand, predict power very well compared to the experiment. Numerous assumptions of this model make it prone to fine-tuning, e.g. by changing the profile data, or applying loss corrections. A comparison of flow character with the FRM shows, however, that although two models correspond very well with each other in the blade mid-span (velocity distribution in Fig. 4 -some differences are visible only in the closest vicinity to the rotor domain), there are a few discrepancies to note in the tip and root zone. If a better correlation is needed in these areas, corrections (see, e.g., Prandtl, [16, 17] ) may be used in the solution.
Flow through the DAWT -ADM vs. FRM
On the basis of the above-mentioned considerations, the ADM model of the structured grid and approx. 400k nodes was chosen for further analysis, as following both the experimental and FRM results quite well. Fig. 5 compares some of the most important features of the flow under consideration. It must be noted that the results from the FRM are not circumferentially-averaged, but this particular view was chosen as a good example of the phenomena undergoing both in a qualitative and quantitative way. Firstly, the "wall" condition imposed on the bottom surface has a minor influence on the flow character. Even though some energy is dissipated there due to the vortex formation and backflow, the flow in both cases is almost perfectly symmetrical, which also proves that only a part of the domain can be simulated with no significant damage to the quality of results.
Secondly, the flow character downstream of the diffuser in the ADM is much more uniform. This is not the case with the FRM, where local zones of flow acceleration and deceleration occur. This is due to a discrete (i.e. threeblade) rotor structure in the FRM, which affects the flow in a non-continuous manner -unlike in the ADM. There is also a discrepancy between the two models in what concerns the flow velocity at the rotor level and inside the diffuser, also visible in Fig. 4 . Although ALM captures the main flow phenomena correctly (flow acceleration at diffuser inlet, wake structure), the predicted velocity increase is much higher. This information, along with the fact that the FRM follows better the available literature sources (see ex. [11] ), means that ADM cannot be used straight-away for flow analysis. Despite the above-mentioned points, the advantage of the ADM for DAWT simulations is clear. Even more so if one considers the necessary computational effort of both techniques (Table 2 ). Apart from occupying the RAM quantity 40 times larger and the processing power 9 times higher, the FRM simulation requires about 50 times longer time than the ADM. This, along with a good performance in power estimation, proves the interest in actuator model employment for engineering applications.
Concluding remarks
The presented study compares two rotor modelling approaches, direct and actuator-based, employed in the study of a Diffuser-Augmented Wind Turbine. The two models were tested in rotor design point. This enables the use of simplified tools like Qblade, which are mainly intended for profile examination in non-separated working conditions. The actuator model shows a very good correlation with experiment in determination of wind turbine power, even though the velocity field predicted with its use varies from the one observed in FRM. It signalises therefore, that the model may be employed for general engineering uses (such as DAWT rotor-diffuser assembly geometry optimization), but should be considered with caution when employed in the flow character study.
